We investigated the pathways for low density lipoprotein (LDL) transport across an endothelial barrier in individually perfused microvessels before and after an increase in permeability. The divalent cation ionophore A23187 (5 ,M) was used to increase microvessel permeability. LDL permeability coefficients (PSLDL) were measured using quantitative fluorescence microscopy. In the control state, PSLDL measured after 10-23 minutes of accumulation of fluorescent-labeled LDL outside the microvessel wall was 4.8 x 10-8 cm/sec. The transvascular vesicular exchange of approximately 50 vesicles/sec would account for the measured flux. The flux of LDL across the microvessel wall increased as much as 170-fold at the peak of the permeability increase (2-4 minutes after ionophore infusion). Permeability returned toward control values 10 minutes after ionophore infusion but remained elevated for as long as ionophore was present in the perfusate. The effective PSLDL was similar in magnitude to the Ps for fluorescent-labeled dextran (MW 20,000) when permeability was increased. To investigate the nature of pathways for LDL in the high-permeability state, 5PSLDL was measured at a series of microvessel pressures. LDL transport increased as microvessel pressure increased, demonstrating coupling of LDL flux to transvascular water flow. Solvent drag accounted for more than 95% of the increased flux of LDL in the period 2-10 minutes after permeability increased. Our results conform to the hypothesis that porous pathways between adjacent endothelial cells contribute to LDL transport across an endothelial barrier when permeability is increased. (Circulation Research 1990;66:486-495) L ow density lipoprotein (LDL) is internalized and degraded by normal endothelium by LDL receptor-mediated processes.1-3 Vesicular pathways are reported to transport LDL across arterial endothelium by a low-affinity uptake process. 45 The contributions of these mechanisms to uptake and transport across microvascular endothelium of true capillary and venular microvessels remain to be determined. Furthermore, the mechanisms that promote LDL transport across the endothelial barrier when permeability is increased have not been elucidated. Previous investigations have 
L ow density lipoprotein (LDL) is internalized and degraded by normal endothelium by LDL receptor-mediated processes.1-3 Vesicular pathways are reported to transport LDL across arterial endothelium by a low-affinity uptake process. 45 The contributions of these mechanisms to uptake and transport across microvascular endothelium of true capillary and venular microvessels remain to be determined. Furthermore, the mechanisms that promote LDL transport across the endothelial barrier when permeability is increased have not been elucidated. Previous investigations have indicated that in focal areas of increased permeability to the macromolecule horseradish peroxidase, LDL transport across aortic endothelium was also increased. 6 In the present investigation we extended our investigations of the transport of macromolecules across the endothelial barrier in the wall of microvessels to include fluorescent-labeled LDL as a test probe.
Although morphological and physiological evidence suggests vesicular and other nonporous pathways might transport macromolecules across endothelial cells, recent evidence from experiments on isolated whole organs and individually perfused microvessels indicates that macromolecular transport may also take place through porous pathways.7-9 The proportion of transport via these extracellular pathways, which are postulated to lie between adjacent endothelial cells, increased when the permeability of the microvascular barrier was increased.7
In our laboratory, methods have been developed to measure solute permeability coefficients to macromolecule transport in microvessels.10 1' To determine if LDL is transported across an endothelial barrier by extracellular porous pathways during high-perme-ability states, we perfused individual microvessels with fluorescent-labeled LDL before and after permeability had been increased. The simplest experimental test of an extracellular pathway for LDL is the coupling of LDL flux to water flow across the microvessel wall. Because water flow increases as capillary pressure increases, we measured solute permeability coefficients to LDL at a series of capillary pressures before and after permeability had been increased with the calcium ionophore A23187.
Materials and Methods

LDL
Preparation. Human LDL from a single human source (J.C.R.) was isolated weekly by preparative ultracentrifugation12 and was labeled with the fluorescent hydrocarbon probe 1,1'-dioctadecyl 3,3,3',3' tetramethylindocarbocyanine (DiI) as described by Pitas et al. 13 The labeled LDL was dialyzed against frog Ringer's solution for 48 hours before use. LDL labeled with DiI (LDL-DiI) does not transfer the fluorescent probe because the two octadecyl moieties make the compound extremely hydrophobic.14 The spectral properties of DiI are similar to rhodamine (excitation maximum, 540 nm; emission maximum, 556 nm), and the DiI does not photobleach rapidly. Characterization. Using gradient gel electrophoresis, no difference in the electrophoretic mobility relative to front moving boundary (Rf) was found between native LDL, LDL-DiI from Dr. Pitas' laboratory, and LDL-DiI from this laboratory. Also, using gradient gel electrophoresis, no difference in migration was noted between native LDL, LDL-DiI immediately after preparation, and LDL-DiI after 5 days of storage. A single determination of total cholesterol and total protein of the LDL-DiI yielded values of a series of measurements were made in which the concentrations of both solutes were adjusted to reduce the extent to which the fluorescence from Dil-labeled LDL could be detected, using the Leitz filter cube to measure D20 -FITC. The test concentrations chosen were 0.58 mg/ml cholesterol and 0.19 mg/ml protein for LDL-DiI and 0.25 mg/ml for D20-FITC. At these two concentrations there was no overlap of fluorescence from FITC into the DiI (rhodamine filter cube) measurement and less than 6% overlap of DiI fluorescence into the dextran (fluorescein filter cube) measurement.
Protocol 2. To partition the transvascular flux into diffusive and convective components, we perfused individual microvessels in the control state and measured the change in flux at microvessel pressures between 3 and 20 cm H20. Then permeability was increased by exchanging the washout micropipette with one containing A23187. During infusion of A23187, Ps for LDL was measured at 2-minute intervals over the same range of microvessel pressures.
Results
Transmicrovascular Transport of LDL and High Molecular Weight Dextran
Addition of the calcium ionophore to the perfusate resulted in a large transient increase in the transvascular flux of fluorescently labeled LDL. In seven vessels, the permeability coefficients of both LDLDiI and D20 -FITC were measured in the same vessel by using protocol 1 [6] [7] [8] [9] [10] minutes after the initiation of A23187 infusion. In all vessels, permeability remained elevated for as long as the ionophore was in the perfusate. We measured permeability coefficients during the sustained phase of permeability increase for up to 18 minutes after adding ionophore.
The striking feature of the transient increase in permeability coefficients for both solutes is that the magnitude of the apparent permeability coefficient at the peak of the response was similar for both solutes although LDL and dextran differ in molecular size and chemical composition. The mean+SEM values of the apparent permeability coefficients to LDL and dextran at the peak of individual transients in permeabilitywere 96.2+15.6x10-7 cm/sec and 114.2+15.7x 10-7 cm/sec, respectively.
We carried out additional experiments to demonstrate that the presence of LDL did not modify the magnitude and time course of the transient increase in D20 permeability coefficients. This result indicates that there was no significant binding of A23187 by LDL, and no modification of the structure of the pathway for D20 when LDL was in the perfusate. We also demonstrated that the perfusate containing the vehicle used to solubilize the ionophore (ethyl alcohol, 0.2%) without A23187 produced no significant increase in permeability when compared with control perfusion (eight microvessels). In three additional experiments, we used the ionophore at a concentration of 1 ,M instead of 5 ,uM. The time course in each vessel was similar to that for LDL in Figure 1A , but the magnitude of the peak response was reduced. For LDL, the apparent permeability coefficient at peak response was 58±23x Figure 2 (data in Table 2 ).
As control experiments for the above studies, we measured the dependence of permeability coefficients on microvessel pressure when there was no ionophore in the perfusate. In these experiments, PSLDL was measured after 30 seconds of solute accumulation. For LDL, the mean value of the apparent permeability in all 17 vessels using protocols 1 and 2 was 2.1+1.25x10-7 cm/sec at a mean pressure of 9.6 cm H20. In 11 of the 17 vessels used for experiments with protocols 1 and 2, the mean slope of the relation between apparent permeability and microvessel pressure was 0.1±0.52x10-7 cm/sec for each cm H2O increase in microvessel pressure. In other vessels, apparent permeabilities were measured at only one pressure or at two pressures that differed by less than 3 cm H20. The slope of the relation between apparent LDL permeability and microvessel pressure for control experiments was not significantly different from zero.
The control values for PSLDL, of the order of 2xl10`cm/sec, measured over a time period of 30 seconds, were up to 10-fold larger than values of PSLDL measured in arterial endothelium over time periods of 30-60 minutes16-18 (Table 2) . To compare our results with published values, we extended the period of time over which PSLDL was measured to These results show that prior exposure of the microvessel wall to unlabeled LDL reduced the measured PSLDL in the short-term experiment to a value similar to that measured in long-term experiments.
To check that initial LDL binding and uptake did not affect the response to the ionophore, we added unlabeled LDL to the washout and repeated measurements of PSLDL in the control state and after adding ionophore to perfusate. In three experiments, PSLDL increased from 0.88+0.53x10-7 cm/sec to a peak of 97.3+14.6x10-7 cm/sec 2-4 minutes after addition of the ionophore. PSLDL measurements performed before A23187 infusion were made from 30-second LDL perfusions. PSLDL measurements after infusion of the ionophore were made from 15-30-second LDL perfusions. The time course of the permeability change was the same as in Figure 1 .
Discussion
The results of our experiments conform to the hypothesis that, in the high-permeability state, large porous pathways, presumed to lie between adjacent endothelial cells, contribute to the transport of LDL across the endothelial barrier. Our observations that during the transient increase in permeability, the magnitude of the apparent permeability coefficient for LDL is 1) similar to that of a neutral dextran (D20) and 2) proportional to microvessel pressure and hence transvascular water flows enable further quantitative evaluation of the nature of the transport mechanisms responsible for LDL flux when permeability is increased. Before developing these arguments, we will evaluate our results for measurements of Ps for LDL in the normal state. Table 2 compares the apparent permeability coefficients for LDL measured after 10-23 minutes of accumulation outside microvessels in our experiments with estimates of PSLDL in rabbit arterial wall after 30 and 60 minutes of accumulation. The values of the effective permeability coefficients for LDL across the rabbit arterial wall alone are approximately one half the value measured in our frog mesenteric microvessel experiments.
LDL Transport in Control Microvessels
Our control measurements are consistent with the hypothesis that in microvessels with intact endothelial barriers, LDL crosses the endothelium first by weak binding and uptake into lumenal vesicles and then by transport via a vesicular system. Uptake of a single fluorescent-labeled LDL into approximately 2,000-4,000 vesicles per endothelial cell (=10% of the lumenal population of vesicles in frog mesenteric vessels) during the first 30 seconds of perfusion would be measured as an effective permeability of 2-5 x10`cm/sec in a microvessel of 15 ,um radius, containing LDL at the concentration used in our experiments (=0.35 ,ttM). This figure is not a true permeability coefficient because at these low levels of permeability this study design does not distinguish between uptake into the endothelial cells and transport across the cells. The reason is that changes in fluorescence intensity were measured over an area encompassing the microvessel and surrounding tissue. To account for the measured transport of LDL over a 10-20- In these experiments it is unlikely that high-affinity receptor-mediated uptake is a major pathway of accumulation of LDL into the microvessel wall. Our experiments demonstrated that the change in permeability coefficient in response to calcium ionophore was similar to that of dextran, which lacks receptormediated uptake. Studies performed in endothelial cell cultures at confluency2 and in whole arteries18 indicate high-affinity receptor-mediated uptake accounts for a small minority of total transport. Also, it is unlikely that human LDL will interact with high-affinity receptors on frog endothelium.
These experiments extend our methods to measure the permeability properties of individually perfused microvessels using quantitative fluorescence microscopy. The methods have been described and critically evaluated in several recent publications.10 11 An important new part of our methodology is the demonstration that our method is sufficiently sensitive to measure low-affinity initial binding and uptake of LDL. This binding and uptake can be investigated directly using labeled and unlabeled tracer. Although the types of experiments described in this paper may eventually prove of value to investigations of LDL transport in large vessels, our present focus is on single microvessels, in which the endothelial layer and its associated basement membrane are the primary barrier to transport. The complications of serial barriers in the media and of additional transport of LDL into the vessel wall via the vasa vasorum are thereby avoided.
Our methods provide the most direct way to investigate LDL transport under controlled conditions in an intact endothelial layer. The permeability properties of the frog mesentery barrier to a wide range of test solutes is well documented,9'11 and we chose this endothelial barrier as the starting point for our investigations. Preliminary studies performed in this laboratory to measure the flux of fluorescent-labeled albumin across the walls of hamster venular microvessels showed similar control and ionophoreinduced permeability properties as were measured for dextran in this study.11 '23 Ionophore-Induced Permeability Increase
We have demonstrated that the permeability of frog microvessels to albumin and water is increased after the addition of the divalent ionophore to the perfusate.11,24 The time course of permeability changes is similar to that found in the present experiments for LDL. There is a peak in the permeability increase 2-4 minutes after addition of ionophore; permeability then returns toward control but remains elevated for as long as ionophore is present. Other laboratories have also reported reversible increases in permeability using A23 187 in frog microvessels.25,26 Clough and Michel27 examined the ultrastructure of the same vessels as used in our study after treatment with A23187 and demonstrated gaps between endothelial cells and fenestrations in the vessel wall 5-10 minutes after application of A23187 (5 ,uM) . These structures are not present in normal vessels; there is, therefore, a change in the microvessel ultrastructure exposed to ionophore to resemble the classical appearance of gaps between endothelial cells in postcapillary venules after exposure to an inflammatory mediator. Our experiments enable the transport of LDL across the wall during this highpermeability state to be examined.
We are aware that the use of this calcium ionophore may produce many other responses in microvessel endothelial cells (increased prostaglandin production, release of endothelial cell relaxing factor, and superoxide ion production). All or some of these responses may modulate the permeability properties of the wall that we are studying in as yet unknown ways. The utility of our approach using the ionophore lies in the ability to Table 3 shows that solvent drag accounts for 97.6-99.9% of total flux during the period 2-10 minutes after addition of ionophore A23187. The above calculations explain the observation that, during the period 2-10 minutes after the ionophore infusion, Ps for LDL and D20 are of similar magnitude, even though these solutes differ in molecular size (effective radii of 20 and 4 nm, respectively). Both estimates of Ps reflect the predominant role of solvent drag during the early part of the period of increased permeability. When solvent drag is the principal transport mechanism, the value of PSLDL is equal to JJ/S(1 -o). The 95% confidence limits of the peak value of Lp(1 -o-) are 2-6 x 10-7 cm/sec cm H20.
Apparent permeability coefficient in the range of 20-120 x O-7 for both solutes would be expected for microvessel pressures of 8-20 cm H20.
As shown in the experiment in Figure 2 and summarized in Figure 3 , the slope of the relation between Ps and pressure decreased with time after the peak permeability. We might therefore expect a decrease in the contribution of convective transport with time after infusion of the ionophore. After 10 minutes of perfusion with the ionophore, the contribution of convective flux to LDL transport was reduced from greater than 97% of total flux to 48.5% of total flux. Diffusive transport therefore accounts for approximately half the LDL flux in this sustained phase of the permeability increase. At this time the total flux was reduced to 6-30% of the maximal flux.
Conclusions
Our principal conclusions from the quantitative studies of LDL transport in the high-permeability state are as follows: First, the change in LDL permeability after a single stimulus produced by calcium influx into endothelial cells is transient, with a peak permeability response occurring [2] [3] [4] 
